ABSTRACT This paper studies a wireless-powered cooperative network consisting of a single source, multiple wireless-powered relays, and a single destination. The relays harvest radio frequency energy from the source, decode the information, and use beamforming to forward the information to the destination. We develop a triple-parameter-based multi-relay selection (TPMRS) strategy to determine how to assign the energy harvesting and information decoding tasks to different relays. By modeling the TPMRS strategy as a finite state Markov chain, we derive the stationary distribution of each state and obtain an analytical expression of the system throughput. The optimal parameters that maximize the system throughput are obtained via exhaustive search. The numerical and simulation results validate the correctness of the model and derivations. In addition, our proposed TPMRS strategy outperforms the existing multi-relay selection scheme.
I. INTRODUCTION AND RELATED WORK
Relay-aided cooperative transmission is an efficient way to extend the wireless network's coverage and improve the system's throughput performance. Conventionally, cooperative relays are connected to the power grid or equipped with pre-charged batteries. However, running the power grid to supply energy restricts the flexibility of relay node deployment, while the pre-charged batteries lead to limited lifetime of the network. Recently, energy harvesting, which can collect energy from renewable sources in ambient environment, such as solar, wind, heat, and vibration, has attracted much attention. It is considered as a promising approach for powering relay nodes. Nevertheless, these natural energy sources often depend on the climate or the location of equipment deployed. For example, the solar or wind energy is greatly affected by the solar intensity or the wind velocity. The unpredictability and intermittency of these renewable energy may degrade the quality of service of the cooperative network.
Radio frequency (RF) energy harvesting has recently emerged as an attractive solution to power nodes in wireless
The associate editor coordinating the review of this manuscript and approving it for publication was Abbas Jamalipour. communication and Internet of things [1] - [5] . One of the main architectures of the wireless powered communication is the wireless power transfer (WPT), where a dedicated RF transmitter wirelessly transfers power to devices [6] , [7] . In contrast to ambient RF harvesting [8] , WPT can be continuous and fully controlled and therefore is promising for applications with quality-of-service constraints. Cooperative communication techniques serve as a very attractive solution to boost the efficiency of WPT since it can enable multiple single-antenna nodes to work collaboratively to realize spatial diversity [9] . In a typical cooperative network with wireless-powered relays, a dedicated RF transmitter broadcasts energy at the downlink and relays harvest RF energy and forward the information at the uplink. There are two relay protocols commonly used for cooperative networks: amplifyand-forward (AF) [10] and decode-and-forward (DF) [11] . In AF protocol, the relay amplifies the source signal and forwards the amplified signal to the destination. In DF protocol, the relay decodes the source signal and then sends it to the destination. By using wireless-powered relays, the life cycle of the network can be significantly improved [12] , [13] .
For wireless-powered cooperative network (WPCN), there are two kinds of relay structures. If the RF transmitter simultaneously conveys data and energy at the downlink devices, it is so called simultaneous wireless information and power transfer (SWIPT) [14] . In order to practically achieve SWIPT, the received signal must be divided into two parts for both energy harvesting and information decoding. Typical SWIPT enabled receiver architectures include Time Switching (TS), Power Splitting (PS) and Antenna Switching (AS) architectures. In this network structure, a batteryless SWIPT-based relay extracts both information and energy from the source signal, and then uses the harvested energy to forward the source signal to a destination. On the other hand, the integration of an energy storage device (e.g., battery, capacitor etc.) at the relays, which is charged by the received RF radiation, introduces another relay structure. For this relay structure, the relays perform RF energy harvesting and battery recharge and then decode the information separately in different time. Compared with SWIPT, this structure is easier to implement. In this paper, we consider the latter relay structure.
One of the key challenges in WPCN is the relay selection problem. There are a few work investigating the relay selection or the relay switching problem for SWIPT-based relays [15] - [17] . There are also some literatures investigating best path selection in multihop cooperative network [18] , [19] . However, SWIPT structure and multihop cooperative network are not within the scope of our work and thus we will not elaborate on these directions. In this paper, we focus on relay selection problem in a two-hop WPCN, where the relays with finite-capacity batteries harvest energy and decode information in different time and adopt DF protocol as relay protocol. In this area, there have been quite a few pioneering work. Krikidis et al. [20] propose a greedy switching (GS) policy for a three-node cooperative network with energy harvesting relays. By the GS policy, the relay transmits when the residual energy can support decoding at the destination. The same author further proposes in [21] several relay selection schemes: random relay selection, relay selection based on closest distance and relay selection with battery information. Outage probabilities of the proposed schemes are analyzed and compared. Butt et al. [22] propose both single relay selection and multiple relay selection schemes, and numerically compute the optimal number of relays that provides the optimal outage probability performance. In [23] , a game theoretic multi-relay selection scheme is proposed for energy harvesting cooperative networks with non-orthogonal relay channels. Specifically, relays are selected through repeated Stackelberg interactions in which the source updates its payment offer to sequentially induce the next utility maximizing relay to participate by submitting a payment to the relays. Each relay then chooses to participate only if its cost of transmission will be covered by the received payment. The relay cost is assumed to reflect the relay energy profile and channel conditions such that the average utility over several energy harvesting periods is maximized. Gu et al. [24] propose an efficient energy threshold based multi-relay selection scheme with energy accumulation capability at each relay for WPCN. Optimal energy thresholds that minimize the system outage probability are obtained through a heuristic approach. Most of the solutions mentioned above consider a single metric such as the battery energy or the distance for a single or multi-relay selection. Different from the above approaches, we let the relays adopt beamforming when forwarding the information to the destination, which is proved an effective way to improve the throughput and the secrecy [1] , [3] , and we try to optimize three parameters: the energy threshold, the number of candidate relays and the number of forwarding relays, for selection of the beamforming relays, which greatly extends the optimization space of the system performance. Inspired by [20] , [21] , and [24] , we also use a Markov chain to model the charging/discharging process of the finite-capacity battery and analyze the system performance based on the obtained stationary distribution.
The main contributions of this paper are listed as follows:
• Firstly, we propose a triple-parameter (the energy threshold, the number of candidate relays and the number of forwarding relays) based multi-relay selection (TPMRS) strategy for WPCN with finite-capacity relays adopting DF protocol and beamforming transmission.
• Secondly, the TPMRS strategy is modeled as a Markov chain for a discretized battery. The stationary distribution and the system throughput are derived in closed form expressions.
• Thirdly, an exhaustive algorithm is proposed to find the optimal three parameters that maximize the system throughput.
• Finally, both simulation and analytical results are obtained to validate the correctness of the modeling and derivation, and show that our proposed TPMRS strategy outperforms existing multi-relay selection scheme [22] . In addition, principle factors that have impact on the system performance are discussed. The remainder of the paper is organized as follows. Section II describes the system model including the network model, the relay model, the signal model and the recharge model. The proposed TPMRS strategy is presented in Section III with the Markov chain modeling, system throughput derivation and parameter optimization. Simulation and analytical results and useful discussions are provided in Sections IV, followed by our conclusions in Section V.
II. SYSTEM MODEL A. NETWORK MODEL
Consider a DF cooperative network with one source S, one destination D, and N relays R i , i ∈ {1, 2, . . . , N }, as shown in Fig. 1 , where each node has a single antenna. It is assumed that S and D are powered by traditional stabilized power sources. In contrast, R i can scavenge RF power from the source S and store the energy in a finite-capacity battery. There is no direct link between the source and the destination, e.g., due to physical obstacles. The relay nodes have half-duplex capabilities and employ a DF policy. 
B. RELAY MODEL
All the relays purely use the energy harvested from the RF signals broadcast by S to perform processing and transmission. Each relay's receiver has two circuits to perform energy harvesting and information processing separately and it adopts time-switching (TS) protocol. Specifically, we denote by T the duration of each transmission block, which is further divided into two time slots of equal length T /2. In the first time slot, the source broadcasts the signal to all the relays. The relays that are not chosen as the forwarder perform energy harvesting and recharge the battery, while the relays chosen as the forwarder, which form a forwarding set F, decode the information sent by the source. In the second time slot, the relays in set F are time synchronized and adopt distributed beamforming to jointly forward the source's information to the destination. Relays outside the set F keep silent during the second slot. For better understanding, we summarize in Fig. 2 the activities of the source and relays in a transmission block. 
C. CHANNEL MODEL
All links exhibit fading and addictive white Gaussian noise (AWGN). We assume different types of fading for S → R i and R i → D links, considering the fact that state-of-the-art RF power transfer techniques can only operate within short communication range and with line-of-sight (LoS) path, while R i → D links are commonly not in LoS and suffer from multi-path fading. Thus, Rician fading and Rayleigh fading are most appropriate to model S → R i and R i → D channels respectively. Since the statistics of Rice distribution is too complicated to handle, we use Nakagami-m fading model as an approximation, which has been widely recognized. Specifically, the fading severity parameter of link S → R i is assumed to be m i and the average power gain (path loss) is
, where d SR i is the S − R i distance and α is the path loss coefficient. Similarly, the path loss of
Besides, the fading is assumed to be frequency non-selective block fading such that the fading coefficients remain constant during one slot, but change independently from one slot to another. We denote by h i and g i the channel coefficients from S → R i and R i → D, respectively, i ∈ {1, 2, . . . , N }. We further assume that the R i → D channel state information (CSI) is known at the relays. Actually, the CSI can be fed back from the destination to the relays after pilot or data aided channel estimation.
D. SIGNAL MODEL
Let x be the normalized information signal transmitted from the source in time slot t and P S denote the transmit power. The received signal y i at the relay R i is thus given by [25] :
where n is the AWGN with zero mean and variance N 0 . Accordingly, the received SNR γ i at relay R i is:
In time slot t + 1, relays in the forwarding set F jointly forward the information to the destination using distributed beamforming. The transmitted signal at relay R i ∈ F is given by:
where ρ i is the weight assigned to R i in distributed beamforming and P i is the transmit power of R i . According to [26] , the optimal weight of R i that maximizes the end-to-end signal-to-noise ratio (SNR) is ρ i = g * i /|g i |, where g * i is the complex conjugate of g i and we have |g i | 2 = g i * g * i . Note that the weight ρ i does not change the amplitude of the signal since |ρ i | = 1. In this way, the received signal at the destination node can be expressed as:
Finally, given the forwarding set F, the SNR at the destination is:
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E. RECHARGE MODEL
When R i is not selected as the forwarding node, its received signal y i will be converted to direct current to recharge the battery. The amount of harvested energy at R i in the first time slot of the transmission block is given by:
where 0 < η < 1 is the energy conversion efficiency. Note that we do not consider the energy harvested from the noise because the power of the ambient noise is normally very small and below the receiver sensitivity. On the other hand, if R i is selected as a forwarding node to decode the information, it will harvest zero energy.
III. TRIPLE-PARAMETER BASED MULTI-RELAY SELECTION STRATEGY A. OVERVIEW OF THE STRATEGY
In this paper, we propose a triple-parameter based multi-relay selection (TPMRS) strategy. By the TPMRS strategy, at the beginning of each transmission block, each relay compares its remaining energy E (r)
i with an energy threshold E th . If it is greater than or equal to E th , this relay is put into a candidate relay set C, C = {R i |E (r) i ≥ E th , i = 1, 2, . . . , N }, and we use C to denote the cardinality of the set C. Further, if the number of candidate relays is greater than or equal to another threshold N th , i.e., C ≥ N th , F relays with most remaining energy, which make up the forwarding set F, are selected out of the candidate relay set C to decode the information sent by the source and then forward the information by consuming the amount of energy E th in the following slot. Hence, we have P i = 2E th /T . The motivation of introducing the threshold of the number of candidate relays N th is two-folded: First, we try to avoid possible transmission failure if insufficient relays can be selected as real forwarders, since transmission failure not only brings down the throughput, but also wastes energy. Second, as we care for long-term throughput, if the number of candidate relays in current transmission block is insufficient, it will affect the performance of the following transmission block. Selecting F out of C relays instead of all the C relays can leave at least C − F candidate relays in the next transmission block, which makes it possible to achieve sustained and stable throughput performance. Besides, selecting the candidate relays with most remaining energy is to avoid overcharging the battery. On the contrary, if C < N th , the number of candidate relays is considered insufficient and the relays still need to replenish energy. As a result, no data is transmitted in this transmission block. Details of the TPMRS strategy is shown in Table 1 .
B. MARKOV CHAIN FOR THE STRATEGY
In the above TPMRS strategy, the key issue is how to find optimal values of the three parameters E th , N th and F. To find the optimal values, we should not just focus on one single transmission block, but should consider the long-term operations. This is because for one single transmission block, the more relays involving in the transmission the better. However, this operation may lead to transmission outage in the following transmission block due to insufficient remaining energy. Actually, the TPMRS strategy results in a specific charging and discharging behavior of the relays battery that can be represented by a finite-state Markov chain (MC) [20] . Therefore, in this section we use a finite-state MC to model the dynamic behaviors of relays' battery energy levels. From the MC model and the derived stationary distribution of the battery energy, we then derive an approximate analytical expression of the long-term system throughput under TPMRS strategy. Based on the derived analytical expression, we subsequently discuss how to optimize the three parameters to maximize the system throughput.
Suppose the battery capacity of each relay is B and it is discretized into L + 1 energy levels, ε j = jB/L, j ∈ {0, 1, 2, . . . , L}, with L → ∞ corresponding to a continuous linear battery model, which closely approximates the actual behavior of the battery and is widely used in the literature. For each relay, we define S j as the state that the relay's current energy level is ε j , and T j,k i as the transition probability of relay R i from state S j to S k . The state transition diagram of R i is illustrated in Fig. 3 . 2, 3 , . . ., denote the working mode of the relay R i in the m-th transmission block, where θ E and θ I represent energy harvesting mode and information decoding mode, respectively. Following our proposed TPMRS strategy, we have:
where E transmission block. Then we have:
In the following, we analyze the state transition probabilities of the MC for each relay R i , i ∈ {1, 2, . . . , N } and summarize all the probabilities into the following four cases 1 :
1) The (non-full) battery remains unchanged (S j → S j , j = L), then the transition probability can be expressed as:
where Pr{E (h) i = 0} is the probability that zero energy is harvested and Pr{ζ i = 0} is the probability that relay R i fails to decode the information. According to Eq. (6), only when E
ηTP S L , the harvested energy can be discretized to zero. Then, we have:
Recall that the channels between the source and relays are assumed to be Nakagami-m fading channels. According to the probability density function (PDF) and cumulative density function (CDF) of |h i | 2 given in [27] , we have:
where 
1 the same battery capacity discretization is applied in the calculation of the transition probabilities We now calculate Pr{ζ i = 0}. Following the approximate packet error rate (PER) expression for coded-modulation given in [28] , we have:
where a and g are fixed parameters and γ th is the SNR threshold. Combining Eq. (2) and Eq. (11), the PDF of the received SNR γ i at relay R i is expressed as:
. Combining Eq. (14) and Eq.(15), we derive the probability that relay R i fails to decode the information:
With Eq. (13) and Eq. (16), we obtain the transition probability T j,j i . 2) The battery is fully charged (S j → S L ), then the transition probability can be expressed as:
3) The battery is partially charged (S j → S k , j < k < L), then the transition probability can be expressed as:
4) The (non-empty) battery is discharged (S j → S k , k < j), then the transition probability can be expressed as:
C. STEADY STATE DISTRIBUTION OF THE MC
We now define
By using similar method in [20] , we can easily verify that the MC transition matrix K i derived from the above MC model is irreducible and row stochastic. Thus for each relay R i , there exists a stationary distribution π i which satisfies the following equation
where (·) T denotes the transpose of a matrix, and π i,j , j ∈ {0, 1, · · · , L} is the i-th component of π i representing the stationary distribution of the i-th energy level of relay node R i . Thus the steady distribution of relay R i 's battery state can be solved from (21) and expressed as:
where B i,j = 1, ∀i, j, and b = (1 1 . . . 1) T .
D. THROUGHPUT PERFORMANCE ANALYSIS
With the stationary distribution of the relay's battery state derived in Section III-C, we now analyze the throughput performance of our proposed TPMRS strategy. First, we derive the system outage probability. Let O denote the system outage event by employing our strategy, then the system outage probability can be expressed as:
where R = {R 1 , R 2 , · · · , R N } is the set of all relays. Recall that F is the forwarding relay set and C is the candidate relay set. Obviously, both F and C are the subsets of the set R.
There are two kinds of events causing the system outage:
1) the number of candidate relays (relays with the remaining energy satisfying the threshold E th ) does not satisfy the threshold N th ; 2) with the forwarding set F, the information is not correctly decoded at the relay, or at the destination. We use C y,z to denote the z-th subset of R with y relays, i.e., C y,z comprises y elements, y = 0, 1, 2, · · · , N , z = 1, 2, · · · , N y . Then the outage probability by our proposed strategy can be expressed as:
Pr{C y,z } Pr{O|C y,z }, (24) where the first and second probability terms correspond to the first and second kind of event respectively.
Based on the derived stationary distribution of relay's battery state in Eq. (21), we calculate the first probability term in Eq. (24) as follows:
where · is the ceil function. Next we calculate the second probability term in Eq. (24) . Noting that for any candidate relay set C y,z , there always exists a corresponding forwarding set F y,z . Thus we have:
Let G v,w denote the w-th subset of F y,z with v relays successfully decoding the information from the source, i.e., (27) where Pr{ζ i = 0} can be calculated following Eq. (16), Pr{G v,w } can be expressed as:
To calculate Pr{O|G v,w } in Eq. (27), we first characterize the distribution of the conditional end-to-end SNR at the destination for a given forwarding set. We use γ G v,w to denote the received SNR at the destination when the forwarding set is G v,w . Recall that the R i → D channels suffer from Rayleigh fading, thus the conditional end-to-end SNR includes a weighted sum of Rayleigh random variables. Following the approximation for the CDF of a weighted sum of Rayleigh random variables derived in [29] , the CDF of γ G v,w can be expressed as:
Now we can obtain the expression of Pr{O|G v,w } as:
where γ * is the SNR threshold at the destination. By substituting Eq. (25), (26) and (27) into (24), we have derived an analytical expression of the system outage probability for the proposed TPMRS strategy. Then the system throughput is expressed as:
where v P S is the transmission rate the source node can reach under the transmit power P S .
E. PARAMETER OPTIMIZATION
In our proposed TPMRS strategy, there are three parameters: E th , N th and F. There should exist optimal values that maximize the system throughput. First, we formulate the throughput optimization problem with respect to the three parameters:
arg max τ (E th , N th , F) 
IV. PERFORMANCE EVALUATION
In this section, we conduct extensive simulations to evaluate the performance of our proposed strategy. First, we study the analytical and simulation performances of our TPMRS strategy to verify the correctness of the theoretical analysis, and meanwhile compare them with the benchmark scheme MRS proposed in [22] to validate the effectiveness of our proposed strategy. Then, we study how various parameters impact the throughput performance of our proposed strategy.
A. SIMULATION SETTINGS
we consider a topology that the source and destination are located at (−10, 0) and (10, 0) respectively, and a total of 9 relays are located at (−2, −2), (−1.5, −1.5), · · · , (1.5,1.5), (2,2) respectively, with the unit of m. Other default simulation settings can be referred to Table 2 . We first perform numerical analysis and Monte Carlo simulation (with 1000 transmission blocks) to study the system throughput performance and meanwhile compare them with the benchmark scheme MRS proposed in [22] . To this end, we plot the system throughput of our TPMRS strategy with the increase in the source transmit power for different number of relays in Fig. 4 . With the increase in the source transmit power, the system throughput increases as well and converges to a fixed value. As expected, the numerical results approach the corresponding Monte Carlo simulation results very well with different number of relays, which verifies the correctness of the adopted MC model and the theoretical analysis. Moreover, compared with the MRS scheme proposed in [22] , our proposed TPMRS strategy always achieves higher system throughput with different source transmit power and different number of relays. This is because for MRS, the main idea is to choose M * relays with largest remaining energy to decode and forward the information, where M * is carefully chosen to minimize the system outage probability, while for our proposed TPMRS, three major parameters are jointly optimized to reach a long-term maximized throughput, which greatly extends the performance optimization space. 
C. IMPACT OF DIFFERENT PARAMETERS
In this section, we study how various parameters impact on the system throughput performance. Unless otherwise specified, we only plot the analytical results of our TPMRS strategy in the following, as the analytical results agree well with the simulation results. We firstly investigate the impact of the threshold number of selected decoding relays F on the system throughput. Other parameters are fixed as follows: N th = 9, E th = 0.3B, where B is the battery capacity. The throughput performance is shown in Fig. 5 with the increase of F from 1 to 9. It can be observed that the system throughput first rises and then falls, reaching the maximum when F = 2. Generally, for a single transmission block, selecting more relays to decode and forward the information will obtain higher throughput. But this selfish operation will lead to insufficient energy in the following transmission blocks. This explains the tendency of the curve and stimulate us to find the optimal F that maximizes the long-term throughput.
Secondly, we study the impact of the threshold number of candidate relays N th on the system throughput. Other parameters are fixed as follows: F = 2, E th = 0.3B. The throughput performance is shown in Fig. 6 with the increase of N th from 2 to 9. It can be observed that the tendency of the curve is quite similar to that in Fig. 5 , first rising and then falling, reaching the maximum when N th = 4. Noting that the actual forwarding relays are chosen from the candidate relays, thus if the threshold number of candidate relays is set too small, no enough forwarding relays can be chosen. On the contrary, if the threshold number of candidate relays is set too large, more relays need to give up decoding and harvest energy in order to reach the threshold number, which will also cause the decline in the throughput. Therefore, there always exists an optimal N th that maximizes the system throughput.
Thirdly, we investigate the impact of the threshold energy E th on the system throughput. Other parameters are fixed as follows: F = 2, N th = 4. The throughput performance is shown in Fig. 7 with the increase of E th from 1 30 B to B with a step of 1 30 B. We can observe that the system throughput first increases and then gradually decreases, reaching the maximum when the energy threshold is approximately 0.0023Ah. Obviously, if the energy threshold is set too small, the selected relays may not have sufficient energy to forward the information in current transmission block, resulting in smaller throughput. On the contrary, if the energy threshold is set too large, the relays need to give up decoding and harvest more energy in order to reach the threshold, which will also lead to a drop of the throughput. Therefore as expected, there always exists an optimal E th that maximizes the system throughput.
Finally, we try to find out the impact of the battery levels on the system performance. To this end, we plot the system throughput of our TPMRS strategy versus the source transmit power for different battery levels L in Fig. 8 . We also plot the Monte Carlo simulation result as the baseline. As observed, with the increase in the discrete battery level L, the analytical throughput performance is getting higher and also closer to the corresponding Monte Carlo simulation result. Specifically, when L = 40, the analytical expression coincides well with the simulation result, which verifies once more the correctness of our MC model and derivations. Although a larger L can help finding more accurate parameters and achieving higher throughput performance, the computation cost will be accordingly higher.
V. CONCLUSION
In this paper, we propose a triple-parameter based multi-relay selection strategy for WPCN with finite-capacity relays using DF protocol and beamforming transmission. By modeling the TPMRS strategy as a finite state Markov chain, we derive the stationary distribution of each state and obtain an analytical expression of the system throughput. The optimal parameters, i.e., the energy threshold, the number of candidate relays and the number of forwarding relays, that maximize the system throughput are obtained via exhaustive search. Numerical and simulation results validate the correctness of the model and derivations, and also show that our proposed TPMRS strategy outperforms the benchmark multi-relay selection scheme. In addition, principle factors that impact on the solution performance are discussed.
